We examined the immunohistochemical distribution of the two m d a n isoforms of calcineurin catalytic subunits, Aa and Ab, in central nervous system (CNS) tissues of cows, rats, and humans. Cryostat sections and paraffin sections of paraformaldehyde-fmed tissues were stained with antipeptide antibodies for each isoform. The Same localization pattern was observed in both cryostat and paraffin sections. In the latter, the intensity of the staining was dramatically enhanced by microwave irradiation. Calcineurin isoforms were localized in a variety of nerve cells but not in neuroglial cells. Their differential expression as the Aa isoform in ' Supported by grants for scientific research from the Ministry of Education and Culture of Japan. the nucleus and the Ab isoform in the cytoplasm was present in a variety of CNS nerve cells, most distinctively in Purkinje cells of the cerebellum and pyramidal cells of the cerebrum, irrespective of species. These results suggest that each isoform has distinct intracellular sites of action in CNS neurons and that the phenomenon has been conserved during mammalian evolution.
Introduction
Calcineurin, also known as serinekhreonine protein phosphatase type 2B, is a widely distributed Caz'/calmodulin-dependent protein phosphatase (17). An important role for this enzyme in neural signal transduction is likely, given its abundance. It represents the major component of the class of calmodulin binding proteins in the brain, accounting for about 1% of the total protein in the brain, together with calmodulin kinase 11, having high affinity for the Ca2+/calmodulin complex (3.17). Moreover, the fact that cru-cia1 phosphoproteins of the central nervous system (CNS), such as DARPP-32, microtubule-associated proteins, the Type I1 regulatory subunit of CAMP-dependent protein kinase, and neuromodulin, serve as substrates for this enzyme supports this view (11, 12, 15) . The biological importance of calcineurin has largely been inferred from the discovery that this phosphatase is an immunosupressantsensitive component of interleukin-2 gene transcription (for review see 20, 25) .
The holoenzyme is a heterodimer of about 60 KD A (or catalytic) and about 15 KD B (or regulatory) subunit (17) . Three isoforms of calcineurin subunit A have been demonstrated by molecular cloning as mammalian genes designated as Aa, AB, and Ay. The Aa and AB isoforms are expressed in mammalian brain (6, 14, 31) and the Ay isoform is testis-specific (21) . The functions regulated by calcineurin in the CNS need to be elucidated, as do the isoformspecific roles. As a first step in determining possible isoform-specific roles in brain function, we performed an immunohistochemical investigation using isoform-specific antibodies and demonstrated a distinct subcellular distribution of the two isoforms.
Materials and Methods
Preparation of Antibodies. Antibodies were prepared against peptides of the deduced amino acid sequences of calcineurin catalytic subunit A isoforms as reported previously (6). Peptides of the N-terminal region of the Aa isoform: [8-18 amino acids (DPKLSTTDRW)] and the AB isoform [ 18-28 amino acids (PPPPGADRVVK)] were synthesized by the solid-phase method, purified by reverse-phase HPLC. and confirmed by amino acid analysis. The purified peptides were coupled to keyhole limpet hemocyanin through a cysteine added to the N-terminus, and New Zealand White rabbits were immunized with them using complete or incomplete Freund's adjuvant. Antisera were collected and the IgG fractions were prepared. The antibodies pre-absorbed by passing through CH-Sepharose coupled with a peptide (KGGDRWDRW), a C-terminal peptide common to A a and AB isoforms. were affinity-purified on CH-Sepharose coupled to each corresponding polypeptide. The antibodies for A a and AB isoforms were designated ACN-2 and ACN-3. respectively. Immunoblot Analysis. Human brain tissues were frozen at -8O'C until analysis. They were homogenized in 5 volumesof 10 mM Tris-HCI, pH 7.511 mM EGTA containing proteinase inhibitors of pepstatin (2 pg1ml)lPMSF (100 pg1ml)ltrypsin inhibitor (10 pg1ml)lantipain (10 pg1ml)lleupeprin (10 pglml). After centrifugation at 12,000 x g for 20 min, the supernatants were filtered through glass wool, dissolved in sample buffer, and run in an SDS-PAGE system. The gels were transferred to nitrocellulose membranes and probed with ACN-2 and ACN-3 antibodies as described previously (6). Signals were visualized with bromochloro-indolyl phosphate and nitroblue tetrazolium. Some nitrocellulose membranes were treated with microwave irradiation in the same way as paraffin-embedded sections.
Processing of the Tissues. Brains of male Wistar rats (200 g) were fixed by perfusion with a fixative consisting of 4% paraformaldehydel0.1 M sodium phosphate, pH 7.4 for 15 min. followed by immersion for 24 hr at 4°C. Small pieces of bovine brain tissues obtained from a local slaughterhouse were fixed by immersion with the same fixative for 24 hr. Human brain tissues were obtained at autopsy from three patients with no clinical evidence of neurological disease. These cases had acute respiratory failure (n = 1, age 85, male) and liver cirrhosis (n = 2, ages 53 and 63, male). The average post-mortem interval was 6 hr. The tissues employed for the present study included frontal or temporal cortices and cerebellum. These human specimens were fixed in 10% neutral buffered formalin (NBF) for 24-48 hr. After dehydration in ethanol and xylene they were embedded in paraffin. Some pieces of these tissues were fixed in 70% ethanolll50 mM NaCl or Methacam and embedded in paraffin (1.28). Five-" paraffinembedded sections were made for immunostaining.
Paraformaldehyde-fixed bovine tissues were alternatively processed through a graded sucrose series and embedded in OCT compound (30) . Six-pm cryostat sections were made for immunostaining.
Immunohistochemistry. After deparaffinization in xylenelethanol series and rehydration. the paraformaldehyde-fixed and paraffin-embedded sections were treated in a microwave oven (MR-M201; Hitachi. Tokyo. Japan) for antigen retrieval in 10 mM sodium citrate, pH 6.0. for 10 min (26.27) . For staining of cryostat sections and paraffin-embedded sections fixed in ethanol or Methacarn. microwave irradiation was not performed. Stainingwas performed according to the ABC technique by Hsu et al. (13) at room temperature. The staining sequence was: 2% goat serum for 30 min; primary antibodies of ACN-2 or ACN-3 (2 pglml of IgG); biotinylated anti-rabbit IgG for 1 hr; avidin-biotinylated peroxidase complex for 1 hr. Solutions for antibody dilution were made with 20 mM sodium phosphate, pH 7.41150 mM NaCl containing 2% normal goat serum. Sera for the blocking step, biotinylated antibodies. and avidin-biotinylated peroxidase complex were purchased from Vector Laboratories (Burlingame, CA). The reaction products were developed by incubation in 0.05% diaminobendizine tetrachloride and 0.01% H202 in 50 mM Tris-HC1. pH 7.5. After counterstaining with methyl green solution, they were photomicrographed with an Olympus AHB-LB microscope.
Negative controls were performed by staining with normal rabbit serum instead of antibodies or by omitting the primary antibodies. Other negative controls were done by adding the respective proteins of baculovirusexpressed recombinant proteins of human A a or AB isoform to the primarv antibodies.
Immunoblot Analysis
Signals with an Mr of 58 KD were demonstrated with both ACN-2 and ACN-3 antibodies (Figure 1 ). Signals with the same M r were also obtained with nitrocellulose membrane treated with microwave irradiation (data not shown).
Immunohistochemistry
The results were obtained in paraformaldehyde or NBF-fixed. paraffin-embedded and microwave-irradiated sections. The immunoreactivity for ACN-2 and ACN-3 was widely distributed throughout the brain tissues, including the cerebellum and the cerebrum as shown in Figures 2-7 , in addition to the hippocampus and the brainstem (not shown). The reaction was confined to the nerve cell bodies and their proximal processes, but glial cells were negative for the reaction throughout the specimens. In bovine brain, the distinct subcellular localization of calcineurin isoforms is shown in Figures 2-7 . With ACN-2, the nuclei of a variety of cells, most obviously the Purkinje cells (Figures 2 and 4) and Golgi cells (not shown), were positive for the reaction. ACN-2 labeled perinucleo- lar materials but the nucleoli were negative. ACN-3 labeled the cytoplasm of the cell body of nerve cells, most obviously the Purkinje cells, Golgi cells, and stellate cells (Figures 3 and 5 ). Reaction was not seen in granular cells or in dendrites of Purkinje cells. Such a differential localization of calcineurin isoforms, Aa isoform in the nucleus and AB isoform in the cytoplasm, was also observed in pyramidal cells in the cerebrum (Figures 6 and 7) . This pattern of differential localization was also clearly observed in rat and human nerve cells, including Purkinje cells and pyramidal cells in the cerebrum (not shown).
58----4
In a preliminary experiment without microwave treatment before immunostaining, the immunoreaction for ACN-2 and ACN-3 was detectable but faint (Figures 8 and 9 ). The reaction for both antibodies was markedly intensified by microwave irradiation without any change in localization from that visualized without irradiation (Figures 4 and 5) . Staining of negative controls was performed by adding antigen peptides to the primary antibodies. The addition of baculovirus-expressed recombinant protein of the Aa isoform markedly decreased the staining of ACN-2 ( Figure IO) , and addition of that of the AB isoform markedly decreased the staining of the ACN-3 antibody ( Figure 11 ). The localization on paraformaldehyde-fixed cryostat sections (Figures 12 and 13) was the same as that on paraformaldehydeor NBFfixed, paraffinembedded, and microwave-irradiated sections. The immunoreaction could not be visualized in 70% ethanolor Methacarn-fixed tissues.
Discussion
The antibodies employed in the present study were from the same lots as used in a previous study in which their specificity was confirmed on bovine, murine, and chicken brain tissues (6). Their specificity for human brain tissues was checked by immunoblot analysis in the present study. cDNA sequences of calcineurin Aa and AB isoforms have 82% identity. They have a characteristic difference in the N-terminus of their deduced amino acid sequences. The AB isoform has a polyproline terminus, which the Aa isoform does not have (10, 22) . The antibodies raised were directed towards these characteristic sequences. These terminal amino acid sequences for both isoforms employed as antigens are identical in human and murine calcineurin (10, 14, 18, 22) . The biochemical data presented both previously and in this study indicate that the antibodies are directed towards calcineurin Aa and AB isoforms in the three species employed in the present study, which are the sole isoforms known to be present in the brain.
The antigen retrieval technique of microwave irradiation on sections before immunostaining (26, 27) was helpful in the immunostaining of calcineurin as presented here. Procedures of antigen retrieval were compared, as a preliminary study, among microwaving the sections in a solution of sodium citrate or saturated lead thiocyanate solution for 5 min, 10 min, and 30 min, and autoclaving sections in a solution of sodium citrate at 120°C for 20 min. Microwave irradiation for 10 min in sodium citrate solution was the most effective of the conditions tested for intensification of the immunoreaction. This treatment of sections intensified the immunoreaction of the two antibodies without altering the localization of the reaction products. This procedure was also applied to nitrocellulose membrane in immunoblot analysis but it did not cause any alteration in the signals. These data confirmed that the intensified reaction products appearing with microwave irradiation were not artifacts. On the other hand, autoclaving of the sections abolished the staining. By employing microwave irradiation, the localization of calcineurin subunit A was shown in both the cytoplasm and the nucleus of nerve cells, the A a isoform in the nucleus and the AB isoform in the cytoplasm, in the three species tested.
Immunohistochemical studies of calcineurin in human and rat brain tissues have already shown its wide distribution in nerve cells in various parts of the CNS (7,8), although not in glial cells (23) . The result obtained with the ACN-2 peptide antibody, i.e., that the Aa isoform was localized in the nucleus, is noteworthy because the calcineurin was recently detected biochemically and immunohistochemically in the nucleus of nerve cells in another study (23) . Moreover, in addition to CNS tissues, calmodulin binding proteins have been reported to be present in the nuclei of rat hepatocytes (2,4). The differential localization of calcineurin isoforms in the nerve cells indicates their different sites of function. Further evidence suggesting functions of calcineurin in the nucleus is that NF-ATP, its major substrate in the immunosupressant-sensitive component of interleukin-2 gene transcription, translocates from the cytoplasm to the nucleus when dephosphorylated (5J9).
The counterparts of calcineurin in signal transduction in CaZ'or Ca2+/calmodulin-dependent phosphorylation and dephosphorylation are kinases (254, including calmodulin kinases. Calmodulin stimulates several different protein kinases and a single phosphatase; calcineurin (16). Recently the co-localization of CaM kinase I1 and calcineurin in neuronal nuclei has been reported (9, 23, 24) . Because calcineurin isoforms are located in both the cytoplasm and the nucleus, it is possible that concerted regulation of protein phosphorylation and dephosphorylation by calmodulin (16) and calcium ion may occur in both sites. The exact significance of the differential localization of calcineurin isoforms remains to be clarified. ACN-2 (Figure 12) and ACN-3 (Figure 13) . The nucleus and cytoplasm of Purkinje cells are positive for ACN-2 and ACN-3. respectively. Original magnification x 600. Bars = 10 um.
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